A chemically modified electrode is constructed based on multiwalled carbon nanotube-modified glassy carbon electrode (MWCNTs/GCE). The measurements were carried out by application of differential pulse voltammetry (DPV), cyclic voltammetry (CV), and chronoamperometry (CA) methods. Application of DPV method showed wide linear range of DA from 1 μM to 540 μM and a detection limit of 0.098 μM (S/N = 3). The linear range of PAR of 3 μM to 300 μM and a detection limit of 0.15 μM, were obtained. The modified electrode showed electrochemical responses with high sensitivity, high selectivity, and excellent stability for DA and PAR determination at optimal conditions, which makes it a suitable sensor for simultaneous submicromolar detection of DA and PAR in solutions. The analytical performance of this sensor has been evaluated for detection of DA and PAR in human serum, human urine, and pharmaceutical preparation with satisfactory results.
Introduction
In the last years, carbon nanotubes (CNTs) have been used as a very attractive material for a wide range of applications due to their unique structural, electronic, mechanical, geometric, and chemical properties [1] . The subtle electronic behavior of CNTs reveals that they have a high electrocatalytic effect when used as an electrode [2] . Recently, a carbon nanotube-modified solid electrode has attracted much attention because of its excellent electrochemical properties. Among them, glassy carbons (GCEs) have been widely used compared to metal electrodes due to thier biocompatibility with tissue, having low residual current over a wide potential range and having minimal propensity to show a deteriorated response as a result of electrode fouling [3] .
Dopamine (3,4-dihydroxyphenylethylaine) is an important neurotransmitter of the catecholamine group that exists in the mammalian central nervous system and is well characterized by its electrochemical activity [4] , and it plays an important role in various biological, pharmacological processes [5] . Some diseases are related to the change of dopamine levels. Parkinson's disease is one of them.
Paracetamol (N-acetyl-p-aminophenol) (PAR), also known as acetaminophen, is a widely used analgesic antipyretic drug. Its action is similar to aspirin and is a suitable alternative for the patients who are sensitive to aspirin. It is also found that overdoses of PAR will damage liver and kidney. Unfortunately, its ready access has resulted in its increased use in effort suicide [6, 7] . The major catecholamine is dopamine. This substance breaks down into other compounds, which leave our body through our urine. A urine test can be done to measure the level of catecholamine in our body. The important drug such as paracetamol will interfere with the catecholamine measurement in biological samples [8] . Animal model studies have shown that PAR might protect neurons from degeneration. For example, PAR can protect primary rat embryonic DA neurons from glutamate toxicity. Also, PAR administration 2 International Journal of Electrochemistry at antinociceptive doses affects serotonin (5-HT) and dopamine levels in various brain areas and the spinal cord in rate [9] .
Various methods have been studied for the single determination of DA or PAR, for example, in detecting DA, HPLC [10] , as fluorometry [11] , UV-vis [12] , and, in detecting PAR, spectrophotometry [13] [14] [15] [16] [17] , near infrared transmittance spectroscopy [18] , Fourier transform infrared spectrophotometry [19] , spectrofluorometry [20, 21] , and chromatography [22, 23] . However, the majority of these methods suffer from some disadvantages such as high costs, long analysis times, and requirement for sample pretreatment, and in some cases low sensitivity and selectivity that makes them unsuitable for routine analysis. Consequently the development of inexpensive, simple, sensitive, and reliable analytical methods for simultaneous determination of DA and PAR is of considerable importance.
Experimental

Reagents and Solutions.
All chemicals were of analytical grade and used without further purification. DA and PAR were obtained from Acros and Merck chemical companies, respectively. Multiwalled carbon nanotubes (MWCNTs) (>95 wt%, 5-20 nm) were purchased from PlasmaChem GmbH company. Stock standard solutions of 10 mM DA and 10 mM PAR were freshly prepared in 0.1 M phosphate buffers of pH 7. All subsequent DA and PAR solutions used were prepared by diluting these standard solutions with 0.1 M phosphate buffer (pH 7). The 0.1 M phosphate buffer solutions (PBSs) used were prepared by dissolving appropriate amounts of sodium hydrogen phosphate and sodium dihydrogen phosphate in triply distilled water. Electrochemical experiments on the DA and PAR were carried out in 0.1 M PBS at pH 7. Fresh human serum samples were prepared from Razi Institute of Vaccine and Serum Company (Tehran, Iran). The serum and urine sample were filtered and diluted 50 times using a 0.1 M PBS of pH 7 and applied for the determination of the recovery in spiking of DA and PAR. A DA injection solution was from Caspian Tamin Pharmaceutical Company (Rasht, Iran), and PAR tablets were from Pharma Chemi Darou Company (Tehran, Iran). Ten tablets of PAR were accurately weighed and powdered in a mortar. An amount equivalent to one in tablet content was dissolved in 70 mL of 0.1 M PBS (pH 7). After 10-minute sonication, the solutions were filtered and the residue was washed three times with 10 mL of the buffer solvent, then the volume was adjusted to 100 mL with the same solvent. This solution was diluted 1000 times for PAR determination using a 0.1 MPBS of pH 7. Also, the injection solution of DA was diluted 5000 times. These solutions were applied for the determination of the recovery in spiking of PAR and DA compounds.
Instrumentation.
All the voltammetric measurements were carried out using carbon nanotube-modified glassy carbon electrode (MWCNTs/GCE) as a working electrode, Ag/AgCl/3 M KCl as a reference electrode, and platinum wire as an auxiliary electrode. DPV, CV, and CA experiments were carried out using an Autolab PGSTAT 30 Potentiostat Galvanostat (Eco Chemie, The Netherlands) coupled with a 663 VA stand (Metrohm Switzerland). All potentials given are with respect to the potential of the reference electrode. pH measurements were performed with a Metrohm 744 pH meter using a combination glass electrode.
Modification of the Electrodes.
A glassy carbon electrode (GCE, 3-mm diameter, Metrohm) was polished with 0.3 and 0.05 μm aluminum slurry and rinsed thoroughly with triply distilled water. The GC electrode was cleaned by ultrasonic agitation for 5 min in ethanol and then distilled water, individually. The electrode was dried under nitrogen gas flow.
A stock solution of 1 mg·mL −1 MWCNTs-DMF was prepared by dispersing 1 mg of MWCNTs in 1 mL DMF. 30 μL of MWCNTs-DMF solution was coated on GC electrode surface. The electrode was dried in room temperature to obtain MWCNTs/GCE. The fabricated MWCNTs/GCE was placed in the electrochemical cell containing 0.1 M PBS, and several cycles in the potential windows of −0.2 to 0.7 V were applied using CV method to obtain stable responses.
General
Procedure. 10 mL solutions containing appropriate amounts of DA and PAR in 0.1 M PBS at pH 7 were transferred into the voltammetric cell. The voltammograms were recorded by applying positive-going potential from −0.1 to 0.6 V. The voltammograms showed anodic peaks around 0.14 and 0.33 V corresponding to DA and PAR compounds whose heights are proportional to their concentrations in solutions. The calibration curves were obtained by plotting anodic peak currents of DA and PAR versus the corresponding concentrations. All experiments were carried out under open-circuit condition.
After each measurement, the MWCNTs/GCE was regenerated by thoroughly washing the electrode with triply distilled water and then 5% sodium hydroxide solution consecutively. Finally, the electrode was rinsed carefully with distilled water to remove all adsorbate from electrode surface and provide fresh surface for the next experiments.
Results and Discussion
Scanning Electron Microscopy (SEM) Analysis of MWC-
NTs/GCE. SEM was used to observe directly the morphology of MWCNTs/GCE. The SEM images of the MWCNTs/GCE (Figure 1) showed that the GCE surface was mostly covered with homogenous MWCNTs, which were in the form of small bundles or single tubes.
Electrochemical Behavior of DA and PAR on MWC-
NTs/GCE. The cyclic voltammograms were recorded for 70 μM DA and 50 μM PAR at MWCNTs/GCE as shown in Figure 2 . seen from the GC a very small oxidation peak is observed for DA and PAR oxidations. The CVs of DA and PAR at MWCNTs/GCE showed excellent improvement in oxidation peak currents for DA and PAR oxidations (Figure 2(b) ). The effect of potential scan rate on the oxidation responses of DA and PAR was investigated in the 10-400 mVs −1 range of scan rate (not shown). A linear relationship between the anodic peak currents and scan rate was found for DA and PAR as follows:
Ipa(μA) = 0.715ν (mV s −1 ) + 10.36 (R 2 = 0.995) DA, Ipa(μA) = 0.882ν (mV s −1 ) + 6.157 (R 2 = 0.992) PAR. The linear relationship between peak currents and scan rates, suggesting the redox reactions of DA and PAR compounds at MWCNTs/GCE, are adsorption-controlled processes.
The differential pulse voltammograms recorded for DA and PAR at bare GCE and MWCNTs/GCE are shown in Figure 3 . Figure 3(a) shows the voltammograms of 70 μM of DA and 50 μM of PAR in PBS (pH of 7) at GC. Figure  3 (b) displays the voltammograms of DA and PAR at the same conditions as Figure 3 (a) at MWCNTs/GCE. As can be seen from the GC a very small oxidation peak is observed for DA and PAR oxidations. The DPVs of DA and PAR at MWCNTs/GCE showed excellent improvement in oxidation peak currents for DA and PAR oxidations (Figure 3(b) ). The presence of MWCNTs could facilitate the electron transfer between electrode and the analytes; therefore the enhancements in the corresponding electrochemical oxidation peak currents were observed.
Effects of Solution pH.
The effect of pH of solutions on the electrochemical response of the MWCNTs/GCE toward the determination of 200 μM DA and 200 PAR was investigated using DPV method. Variations of peak current with respect to pH of the electrolyte in the pH range from 4 to 10 are shown in Figure 4 . It can be seen that the anodic peak currents of DA and PAR increase with raising the solution pH until it reaches 7. However at higher pH the DA and PAR oxidation peak current starts to diminish. Therefore, the pH value of 7, which is close to biological pH value, was chosen as an optimum solution pH for further experiments. Variation, of DA and PAR oxidation peak potential with pH are in accordance with equations Ep = −0.0614 pH + 0.573 ( Figure 4 ) and Ep = −0.0558 pH + 0.7528 (Figure 4) , respectively. For a Nernstian process whose number of transferred electrons is equal to number of transferred protons, the slope would be expected to be −59 mV pH −1 unit. This suggests that the numbers of electrons and protons transferred in the redox reaction of DA and PAR are equal.
Effects of Accumulation Time.
Anodic peak currents, obtained from DPV experiments, vary accumulation time for 100 μM DA and 100 μM PAR. Initially, peak currents for these compounds increase with accumulation time up to 60 s; however, after 60 s of accumulation time, the peak currents reach a slight increase and then plateau. As a consequence, the accumulation time of 60 s was chosen as an optimum time for further experiments.
Linear Dynamic Range and Detection Limit of the Method.
The electrochemical response of simultaneous additions of DA and PAR in a 0.1 M PBS pH 7 using MWCNTs/GCE is depicted in Figures 5 and 6 . 
Repeatability and Long-Term Stability of the Electrode.
Thus, the repeatability of the analytical signal has been studied. Indeed, the relative standard deviation (RSD) of 1.31% and 2.16% for 100 μM DA and 100 μM PAR, respectively, in ten consecutive determinations has been obtained. Another attraction of the proposed modified electrode is that the resulting modified electrode is of a good longterm stability. Stability of the proposed electrode was tested by measuring the decrease in voltammetric current during repetitive DPV measurements of DA and PAR in solution or air. For example, determination of 100 μM DA and 100 μM PAR in 0.1 M PBS (pH 7), when the modified electrode was subjected to an experiment every 1 hour, after 24 h gave less than 8% and 10% decrease in the voltammetric currents of DA and PAR, respectively. When the electrode was stored in the atmosphere for 7 days, the currents response of DA and PAR reduced less than 13% and 15%, respectively, when the electrode was subjected to the solution containing 100 μM DA and 100 μM PAR.
Interference Studies.
The effect of common interfering species in solutions of 50 μM DA and 50 μM PAR under our optimum conditions was investigated. The results are summarized in Table 1 . The tolerance limit listed is the concentration of the interfering species that still gives an error of ≤10% in the determination of DA and PAR. The results show that they do not significantly affect the height of the peak currents for DA and PAR and confirm that the proposed method is free from interference of the most common interferants.
Analytical
Applications. The applicability of the method used for the determination of DA and PAR in human serum, human urine, and drug samples was studied by spiking diluted samples with known amounts of DA and PAR simultaneously. DPVs of unspiked and spiked samples were obtained, and the concentrations of DA and PAR were determined using standard addition method and corresponding calibration plots. The results are summarized in Tables 2   and 3 . Good recoveries were obtained for spiked samples providing further evidence that this is a reliable method for the direct determination of DA and PAR in human serum, urine, and pharmaceutical samples.
Conclusion
In this paper we introduced a sensor based on multiwalled carbon nanotube modified glassy carbon electrode. MWCNTs can increase anodic peak currents by enhancement of electron transfers of dopamine and paracetamol compounds on the electrode surface. The results indicated that MWCNTs/GCE facilitates the simultaneous determination of DA and PAR with good sensitivity and selectivity. The electrode showed high stability in repetitive experiments. The effects of potential interfering compounds were studied, and it was found that the proposed procedure is free from interferences of most common interfering compounds. The proposed sensor was used in determination of DA and PAR in some real samples like human serum and urine, without the necessity of sample pretreatments or timeconsuming extraction or overlapped data analysis, with satisfactory results. The simple fabrication procedure, high speed, reproducibility, high stability, wide linear dynamic range, low detection limit, and high sensitivity suggest that the proposed sensor is an attractive candidate for practical applications.
